Swirl flows are often used for flame stabilization in gas turbine combustors. However, when these combustors are operated at lean fuel/air ratios, they are prone to thermoacoustic instability. In this study, we experimentally investigate the effect of distribution of the blockage in the inlet flow on the transition of the combustion dynamics from combustion noise to thermoacoustic instability. We acquire unsteady pressure fluctuations and heat release rate fields (CH * chemiluminescence) by capturing the flame images to investigate this transition in the thermoacoustic system. We utilize a turbulence generator with two different configurations to modify the inlet flow dynamics to achieve passive control of thermoacoustic instability. To that end, using flow restrictors, we induce blockage in the inlet flow upstream of the swirler, perpendicular to the bulk flow direction. We observe that in one case, there is a reduction in the amplitude of the periodic oscillations while in the other case, there is a suppression of thermoacoustic instability.
I. Introduction
Swirl-stabilized flames are often used in turbulent combustors due to its strong stabilizing effect on the flame. 1 However, when such combustors are operated at fuel lean conditions, they are prone to thermoacoustic instability. 2 This phenomenon arises due to the positive interaction between the unsteady heat release rate and the acoustic field of the combustion chamber. 2 Thermoacoustic instability occurs when the heat release rate fluctuations and the unsteady pressure fluctuations are in phase with each other.
Suppressing or controlling these large amplitude pressure oscillations is critical for the operation of the gas turbine engines as they cause structural failure to their components and unwanted shutdowns. 3 There have been a number of studies which have investigated strategies to suppress thermoacoustic instability or to reduce the amplitude of the periodic oscillations. [4] [5] [6] [7] However, thermoacoustic instability is still difficult to predict and control due to its sensitivity to small changes in the system. 8 Furthermore, the challenges faced in adapting control measures to commercial systems also make the elimination of thermoacoustic instability a difficult task. Effective methods to control or prevent thermoacoustic instability requires an exhaustive investigation of the transition from stable operation to unstable operation of the turbulent combustor.
Recently, it was observed that thermoacoustic systems undergo a transition from stochastic fluctuations near blowout conditions to periodic oscillations via low-dimensional chaotic oscillations as the equivalence ratio is increased. 9 In another study on a turbulent combustor, it was observed that thermoacoustic instability is presaged by intermittency, 10, 11 wherein bursts of large amplitude periodic oscillations appear in an apparently random manner, amidst low amplitude aperiodic fluctuations. Using a flame describing function, Ebi et al. 12 suggested that during the intermittent oscillations, there is transition from the low amplitude regime to the large amplitude regime and vice versa due to the continuously varying phase difference between the acoustic pressure fluctuations and the heat release rate fluctuations. Nair et al. 13 suggested that combustion noise, the stable state from which the transition to thermoacoustic instability takes place, has chaotic characteristics. Tony et al. 14 showed that the pressure fluctuations during combustion noise contain features of high dimensional chaos, contaminated with white and colored noise. Additionally, spatial analysis on the relative phase between the acoustic pressure fluctuations and the heat release rate fluctuations obtained from CH * chemiluminescence of the flame showed that during the occurrence of intermittency, regions of coherent behaviour emerge amidst incoherent regions. 15 From the perspective of dynamical systems theory, previous studies have shown that thermoacoustic systems undergo transitions from a stable operation to limit cycle oscillations through bifurcations. For instance, Lieuwen, 16 reported supercritical and subcritical
Hopf bifurcations in an experimental study of a premixed gas turbine combustor, wherein, the transition characteristics varied as a result of the different inlet velocities used in the combustor. An experimental study on a Rijke tube, a prototypical thermoacoustic system, showed that the criticality of the bifurcations (sub-critical or supercritical) is dependent on the Strouhal number. 17 They observed that the transition characteristics transformed from a supercritical Hopf bifurcation to a sub-critical Hopf bifurcation with increase in the air flow rate. Zinn and Lieuwen 18 reported that the perturbations of the order of the background noise levels are sufficient to trigger a thermoacoustic system. Recently, studies were performed on simple laminar thermoacoustic systems to understand the effect of turbulence on the transition to thermoacoustic instability. 8 For example, Waugh and Juniper 19 demonstrated that additive stochastic perturbations can cause triggering from low noise amplitudes to selfsustained oscillations in a Rijke tube. Similarly, in a ducted non-premixed flame operating in a bistable region, it was found that under the influence of small amplitude noise, the system underwent a transition from a stable state to an oscillatory state. 20 Furthermore, Waugh and co-workers 21 showed that triggering depends on the strength and the color of noise.
They had observed that pink noise added to the thermoacoustic system is most effective in triggering the system to instability, whereas, blue noise could prevent the phenomenon of triggering. Studies have shown that for thermoacoustic systems undergoing a subcritical Hopf bifurcation, the hysteresis width decreases with increase in the noise intensities. 22, 23 Further, Gopalakrishnan and co-workers 22 observed that once the intensity of noise is beyond a threshold value, the subcritical transition is not discernible and appears continuous. However, Waugh and co-workers 19, 21 observed that the amplitude of the limit cycle oscillations is not altered by the addition of noise. Jagadesan and Sujith 20 observed that increasing the noise intensity on a non-premixed ducted flame results in a drift of the phase difference between the acoustic pressure fluctuations and the heat release rate fluctuations. This drift in the phase difference led to the reduction of the amplitude of the pressure oscillations.
A link between coherent structures in the flow field and thermoacoustic instability has been observed in the recent years. Schadow et al. 24 established large scale coherent structures in the flow field as the drivers of thermoacoustic instability. In addition, McManus and Bowman 25 observed that in a laboratory-scale dump combustor, combustion instability increases, while using vortex generator jets inducing streamwise vorticity. Coherent vortices are observed in swirl-stabilized combustors with a sudden expansion region. These coherent vortices form in the separating shear layer due to the inherent Kelvin-Helmholtz instability. 26 At certain conditions, large scale vortex mixing could result in a periodic heat release rate which could then couple with the acoustic modes of the combustor duct, causing thermoacoustic instability. 27 Various studies have shown the mitigation of thermoacoustic instability by altering the flow field, which, in turn, alters the dynamics of the coherent flow structures. Paschereit et al. 28 observed that the suppression of thermoacoustic instability can be achieved by suppressing the formation of these coherent structures in the flow field. They successfully devised an active control method to modulate the air flow and thereby vary the mixing process between the reactants and the combustion products which results in the reduction of the coherence of the vortical structures. Additionally, Schadow et al. 29 used triangular jets in a dump combustor to suppress the large amplitude pressure oscillations. Here, the injection of the fuel into the corners of the triangle instead of the flat sides resulted in a significant reduction of the amplitude of the pressure oscillations. Furthermore, Paschereit and Gutmark 30 developed a passive control method wherein large scale vortices formed by pairing and vortex merging were disrupted by the use of distributed vortex generators. These vortex generators interrupt the roll up of the vortices by the introduction of streamwise vorticity.
Essentially, in gas turbine engines, the large amplitude periodic oscillations occur due to a positive feedback between the acoustic pressure fluctuations and the heat release rate fluctuations, amidst a turbulent flow field. Various reduced order models and experimental studies on prototypical systems, with compact heat sources have exhibited many characteristics of a thermoacoustic system. [31] [32] [33] [34] However, a turbulent flame is not compact, but spatially extended, wherein it interacts with the local flow dynamics and the acoustic perturbations. These interactions occur at every point in space and in time. It is important to account for these spatiotemporal interactions for the design of control strategies to prevent the onset of thermoacoustic instability. We utilize flow restrictors with different configurations to modify the spatial flow dynamics. We find that the spatial dynamics of the flow field plays a significant role in controlling the transition to thermoacoustic instability.
Using the flow restrictors, we vary the configuration of the blockage in the flow stream upstream of the swirler. We find that on utilizing the flow restrictors with a clustered configuration of the blockage, there is a suppression of thermoacoustic instability, while with the distributed blockage, there is only a reduction of the amplitude of the limit cycle oscillations. In particular, we investigate the spatial dynamics in the field of the instantaneous local acoustic power production p ′ (t)q ′ (x, y, t) for the different cases to understand this transition.
We also examine the evolution of the spatial dynamics using spatial variance to identify the spatially coherent structures and characterize the transition.
Section 2 describes the experimental setup of the turbulent combustor with a swirlstabilized flame and the data recording systems. Section 3 details the results and the analyses from the experiments. We draw the major conclusions from the study in Section 4.
II. Experimental Setup
We use the turbulent combustor shown in Fig. 1a with a fixed vane swirler for flame stabilization. The length of the swirler is 30 mm. It is located in the burner assembly which is illustrated in Fig. 1b Liquefied Petroleum Gas (LPG), partially premixed with air, is used as the combustible mixture for the experiments. The composition of LPG used is approximately 60% butane and 40% propane. Fuel is injected 100 mm upstream of the swirler while air enters through the plenum chamber. In this study, for all the experiments, the fuel flow rate is fixed and the air flow rate is varied. In this manner, the equivalence ratio is varied from the stoichiometric ratio to lean ratios. The equivalence ratio is calculated as φ = (ṁ f /ṁ a ) actual / (ṁ f /ṁ a ) stoichiometric whereṁ f andṁ a are the mass flow rates of fuel and air respectively. These mass flow rates are controlled by mass flow controllers of Alicat Scientific MCR Series.
The mass flow controllers have uncertainties of 0.8% of the reading + 0.2% of the full scale. Subsequently, the maximum uncertainty in the calculated equivalence ratio for all the flow rates is ±0.03. Here, we perform the experiments with the mass flow rate of fuel fixed at 4.96×10 −4 kg/sec, which corresponds to a thermal power of 24.7 KW. The flow rates used in our study correspond to Re between 10000 and 20000 (uncertainty of 6% due to uncertainties in the mass flow rate measurements).
Unsteady pressure signals p ′ are measured using a piezoelectric transducer PCB103B02, which has an uncertainty of ± 0.15 P a. The transducer is mounted 17 mm downstream of the dump plane. The mounting arrangement of the transducer results in an acoustic phase delay of 5 ○ , which is not large enough to affect the analyses of the current study. The signals from the pressure transducer are acquired using an A-D card (NI-6143 -16 bit) at a sampling frequency of 10 kHz for three seconds. Air enters through the plenum chamber while the fuel enters at the burner. An Nd:YLF Laser is used for the cold flow PIV experiments. A high-speed camera is used for capturing the Mie scattered images and the CH * chemiluminescence. b) the schematic of the burner assembly where the flow direction is from the right to the left, c) the slot configuration corresponding to case II, d) the slot configuration corresponding to case III.
The flow restrictors used in our experiments to vary the blockage of the inlet flow stream and the resulting flow dynamics in the combustor duct is inspired from the works of Marshall et al., 36 Videto and Santavicca 37 and Coppola and Gomez 38 on a turbulence generator for combustion systems. Using this turbulent flow system, the turbulence intensity can be varied without changing the mean flow velocity. The turbulence generator comprises of slots used to block the incoming flow, located upstream of a contoured nozzle as shown in Fig. 1b . The blockage can be varied by changing the angle between the slots. The principle behind the design is as follows. Vortices are produced at the slots due to the blockage of the flow. These vortices disintegrate into smaller vortices upon impingement, through a turbulent cascade process, producing fine scale turbulence. The turbulence intensity in the combustion chamber can be increased by increasing the blockage of the flow using the slots. In our experiments, we try to use these slots to vary the flow dynamics near the dump plane of the combustor. Initially, we perform experiments without the flow restrictors. This case is referred to as case I. The blockage used for the experiments with the turbulence generator is approximately 75% of the burner cross section. The experiments with the configuration shown in Fig. 1c is referred to as case II while those with the configuration shown in Fig. 1d is referred to as case III. The configuration shown in Fig. 1c induces blockage in the horizontal and the vertical direction while that shown in Fig. 1d provides the same blockage, but only in the vertical direction.
Cold flow Particle Image Velocimetry (PIV) experiments are performed on the section of the combustor made of quartz. A single cavity-double pulsed laser (Photonics DM527-50) of an operating wavelength of 527 nm is used with a repetition rate of 4 kHz to produce the laser pulses needed for illuminating the seeding particles. This results in 2000 velocity fields per second. The time duration between the two laser pulses is maintained at 30 µs to achieve the required displacement (maximum of 4 pixels) of the seeding particles. This low value of particle displacement, is used to reduce the velocity uncertainties due to the out of plane movement of the seeding particles. 39 Three right angle prisms and a pair of convex lenses of focal lengths 500 mm and 50 mm are used to direct the laser beam towards the combustor duct and to reduce the divergence of the laser beam respectively. Spherical and cylindrical lenses of focal lengths 600 mm and -16 mm are utilized to expand the laser beam into a laser sheet having a thickness of 2 mm. The laser sheet is then transmitted into the combustion chamber through a horizontal slit of 5 mm width and 400 mm length. Olive oil droplets, which are produced using a Laskin nozzle are used as the seeding particles and have a size of approximately 1 µm. A high-speed CMOS camera (Phantom V 12.1), operated at 1280 × 800 pixels, is used to capture the Mie scattered light onto single frame-single exposed images. The camera is outfitted with a ZEISS camera lens having of focal length of 50 mm with the aperture at f/5.6. As a result, a section of the combustor duct, having the dimensions of 126 mm × 90 mm is imaged on the camera sensor. A bandpass optical filter centered at 527 nm (10 nm FWHM) is mounted on the camera lens to capture the light scattered from the oil particles. The seeding particle density was large enough to achieve more than the required particles in the interrogation windows for the PIV image processing.
The images obtained from the cold flow PIV experiments are processed using the PIVview software from PIVtech GmBh. 40 The images are divided into interrogation windows of 32 × 32 pixels with 50% overlap in the x and y direction. Cross-correlation technique with a multi-pass approach (3 passes) is used for the statistical PIV evaluation. 41 The least square Gaussian fit peak search scheme is used as the peak detection scheme. 41 In total, less than 1% of the velocity vectors evaluated are detected as outliers and are replaced using a bilinear interpolation method. A subpixel accuracy of 0.1 pixel is possible with interrogation windows of 32 × 32 pixels. Consequently, for the maximum particle displacement of 4 pixels, the velocity uncertainty is calculated to be 2.5%. The particle sizes on the recorded images are approximately between 2 and 3 pixels. This results in an uncertainty of 0.1 pixels due to peak locking effects. 42 If we consider a maximum out-of-plane movement of 4 pixels, we expect an uncertainty of 0.2 pixels for particle image sizes of 2.5 pixels. 42 This results in an uncertainty of 5%. Further, low velocity regions in the flow field have a pixel displacement of 0.2 pixels which could result in large uncertainties of 50%.
For the hot flow experiments, a high-speed CMOS camera (Phantom v 12.1) is used to acquire the flame images. It is operated at 1280 × 400 pixels. A narrow band pass filter centered at 435 nm (10 FWHM) is used to capture the CH * chemiluminescence intensities.
The camera is operated at a sampling rate of 2 kHz. It is outfitted with a ZEISS 50 mm camera lens with the aperture at f/2. Subsequently, a section of the combustor, 280 mm × 90 mm is imaged on 870 × 280 pixels of the camera sensor.
III. Results
Essentially, this experimental study investigates the effect of the turbulent flow field on the global dynamics of a turbulent combustor. To that end, we investigate three cases in this experimental study. The first case, referred to here as case I refers to experiments performed without the turbulence generator assembly and hence, without any blockage in the flow stream. Correspondingly, the burner contains only the swirler, the flame arrestor and the center body. Case II and case III correspond to the experiments performed with the turbulence generator. The blockage ratio using the slots is the same for these two cases. However, the blockage is induced differently for cases II and III. For case II, the slots are arranged in such a way that there is blockage in the horizontal and as well as the vertical direction, while in case III, the slots are arranged next to each other such that the blockage is only in the vertical direction. The configuration for case II is such that the blockage is distributed in the azimuthal direction. However, for case III, there is a large blockage in one region of the inlet flow. These configurations result in different spatial flow dynamics in the combustor duct.
Cold flow experiments (without the flame) are conducted to acquire PIV data and analyse the flow dynamics in the combustion chamber without the presence of thermoaoustic feedback. The time-averaged turbulence intensity fields and the corresponding time-averaged vorticity fields for each case are depicted in Fig. 2 . The flow rates used for these cold flow experiments are fixed corresponding to the air flow rates used at the equivalence ratio φ = 0.46. The bulk flow of the fluid stream is from left to right and the dump plane aligns with the the vertical plane at x = 0. The time-averaged turbulence intensity at each location in the image is obtained by calculating the ratio between the velocity fluctuations u ′ and v ′ (rms) at that location, and the bulk flow velocity at the burner exit. Turbulence intensity Further, it appears that the higher turbulence intensities are located further downstream in comparison to the field for case I. In case III, there appears to be higher turbulence intensity below the horizontal axis compared to that above. This could be the result of imaging performed in a non-symmetric manner. Thus, the different configurations using the slots results in different distributions of the turbulence intensity in the combustor duct. Figure 3 depicts the variation of the root mean square (P rms ) of the unsteady pressure fluctuations p ′ as a function of the equivalence ratio φ for the three cases. We observe three zones corresponding to different ranges of equivalence ratios. As the equivalence ratio is reduced for case I, there is a gradual increase in the P rms observed in zones I and II. At zone III, there is a sudden increase in the value of the P rms for case I. Considering the plot for case II, the value of P rms is lower than that of case I in zone I. As the equivalence ratio is reduced, there is an increase in the P rms in zone II, depicting an advanced onset of thermoacoustic instability for case II. However, as the equivalence ratio is reduced further, the P rms does not rise above that of case I in zone III. This behavior, observed in case II appears to be similar to that observed in the studies on the effect of noise on the transitions in thermoacoustic systems where they have observed an advanced onset of thermoacoustic instability and a reduction in the strength of the pressure oscillations (P rms ), with the addition of noise. 20, 22 Examining the results for case III, we find that the value of the P rms is less than that of case I in zone I while it is similar to that of case II till φ = 0.65. As φ is reduced, the value of P rms is significantly lower than that of case II while it is slightly lower than that of case I. With a further reduction in φ, the P rms remains low. The P rms corresponding to case III at this low equivalence ratio is approximately 77% lower than that of case I and 68% lower than that of case II. Thus, the introduction of the blockage, using the turbulence generator, results in new dynamics at low equivalence ratios wherein the self-sustained large amplitude periodic oscillations are suppressed for case III and strength of the oscillations are reduced for case II. We have repeated these experiments and we observe similar trends in the strength of the pressure oscillations. The unsteady pressure fluctuations acquired using the piezoelectric transducer for the different cases at varying equivalence ratios are presented in Fig. 4 . At φ = 0.89, we observe low amplitude aperiodic fluctuations corresponding to the state of combustion noise for all three cases. At φ = 0.53, periodic oscillations are observed for case II while there appears to be short epochs of aperiodic dynamics for case I. Nevertheless, the amplitude of the pressure oscillations is higher for case II, which is in accordance with the advanced onset of thermoacoustic instability as observed from Fig. 3 . In addition, the unsteady pressure signals for case III at φ = 0.53 appear intermittent and moreover, the amplitude of the pressure oscillations is lower. As the equivalence ratio is reduced further to φ = 0.46, maximum amplitude of the pressure oscillations is observed to be higher for case I when compared to those of case II and case III. Further, the pressure oscillations remain intermittent for case III and more importantly, the amplitude of the oscillations is significantly lower that that of the other two cases. Thus, case II results in an advanced onset of self-sustained periodic oscillations but with a reduced amplitude of pressure oscillations. However, case III results in the suppression of thermoacoustic instability and the pressure oscillations remain intermittent even at low equivalence ratios. These results highlight the need to investigate the spatial dynamics to understand the reasons for the advanced onset of thermoacoustic instability in case II and suppression of the limit cycle oscillations in case III. A measure, which provides a preliminary understanding of these spatial interactions is p ′ (t)q ′ (x, y, t).
This term is the instantaneous local acoustic driving, which is equivalent to the Rayleigh criterion when integrated over time and space. The time-averaged local acoustic power production (p ′q′ (x, y)) is shown for the different cases at φ = 0.46 in Fig. 5 . It is calculated by using the product of the acoustic pressure fluctuations p ′ (t) and the local heat release rate fluctuationsq ′ (x, y, t), which is subsequently averaged over time. One can observe regions of similar positive values near the dump plane for case I in Fig. 5a . These regions have positive values and hence drive the acoustic pressure oscillations at thermoacoustic instability. Further, the spatial distribution of p ′q′ (x, y) shows the presence of the axial mode of instability. One could conjecture that the coherent flow structures which form in the combustor duct are responsible for the emergence of large regions with positive values. These coherent flow structures bring in fresh reactants and mix with the hot radicals in the recirculation zones. On the impingement of these flow structures on the combustor walls, or the breakdown of these flow structures, simultaneous reaction could occur, leading to large positive regions in the field of p ′q′ (x, y), provided that the pressure oscillations and the local heat release rate oscillations are in phase. Further, these regions seem to be repeating downstream in the combustor duct for case I. However, in case II, these regions with positive values of p ′q′ (x, y) appear to be smaller in size and in strength as depicted in Fig 5b. Further, it appears that there are regions of negative acoustic driving near the dump plane for case II. The decrease in the size and strength of these positive Preprint regions corresponds to the reduction in the P rms observed for case II at φ = 0.46. Thus, the blockage configuration in case III results in the suppression of thermoacoustic instability at low equivalence ratios. A numerical study was performed by Eisenhower et al., 43 where they modeled the thermoacoustic dynamics of an annular combustor using a coupled oscillator system which includes a parameter for the spatial symmetry of the passive dynamics. They observed that the spatial perturbation of the symmetry of the acoustic wavespeed reduces the amplitude of the limit cycle. In essence, this study showed the importance of the spatial dynamics on the suppression of thermoacoustic instability. In the field of p ′q′ (x, y), the positive regions of p ′q′ reflect the presence of local acoustic driving (pressure fluctuations and local heat release rate fluctuations are in phase with each other locally). These interactions are constructive because they result in the transfer of energy to the acoustic field, which would subsequently perturb the flame appropriately and complete the positive feedback loop. Further, these local interactions between the flame, the acoustic field and the flow dynamics result in the emergence of the large regions of positive values. However, one could argue that the suppression of thermoacoustic instability in case III is possibly due to the reduction in the constructive interactions causing a suppression of the periodic formation of the coherent flow structures in the combustor duct. 24, 28 Subsequently, the suppression of the coherent flow structures changes the distribution of the local heat release rate leading to the disruption of the regions of positive p ′q′ in the local acoustic power production.
The instantaneous plots of p ′ (t)q ′ (x, y, t) are illustrated in Fig. 6 for φ = 0.46 for the three cases. We observe large regions of similar values of positive p ′q′ for case I at certain instants.
Further, it appears that the field at a), contains a large region of similar positive values of p ′q′ near the dump plane. The similarity in the values reflects the spatial coherence of p ′q′ . However, further downstream, we observe grainy regions. Similarly, we observe regions of coherence of positive values for case II. However, the regions appear to be smaller and more dispersed than case I. These regions of coherence extend downstream of the duct. Further, we observe strong negative values of p ′q′ near the dump plane for case II. The p ′ (t)q ′ (x, y, t) fields for case III show highly dispersed positive regions and is dominated by grainy regions near the dump plane. Further, the magnitude of the positive regions are lower compared to the other cases. These instantaneous plots signify the importance of the emergence of these coherent regions for the occurrence of large amplitude periodic oscillations.
The spatial plots of the time-averaged local acoustic power production illustrate the formation of the coherent spatial structures and its strength is synonymous with thermoacoustic instability. To improve our understanding of the spatial dynamics, we perform spatial analysis on the instantaneous local acoustic power production. Spatial statistics such as spatial variance, spatial correlation and spatial skewness are calculated and adopted in studying transitions in many complex ecological systems. 44 In our study, we investigate the spatial dynamics using spatial variance of the instantaneous local acoustic power production. Spatial variance have been used in the past to study the formation of coherent regions in systems undergoing transitions to new dynamical states. Hence, we use spatial variance to investigate the formation of coherent spatial structures in the field of p ′q′ (x, y, t). Spatial variance of
2 where p ′ (t)q ′ xy (t) is the instantaneous local acoustic power production, < p ′ (t)q ′ (t) > is the instantaneous spatially averaged acoustic power production and N is the total number of pixels. The spatial variance σ(t) is plotted for various equivalence ratios in Fig. 7 for case I (a), case II (b) and case III (c). We observe that, in general, the spatial variance σ(t) increases with decrease in the equivalence ratio for case I and case II. Further, the spatial variance appears to alternate between high and low values. The time series of the spatial variance of p ′ (t)q ′ (x, y, t) at φ = 0.46 for case I illustrates the effect of the impingement of the large scale vortices, causing simultaneous reaction, resulting in momentary coherence of p ′ (t)q ′ (x, y, t) during the occurrence of thermoacoustic instability (for one periodic cycle). At φ = 0.56, the spatial variance is larger for case II when compared to case I. This indicates that the onset of the formation of coherent spatial structures is advanced, that is, coherence emerges at higher φ for case II when compared to case I. However, one can observe that for case III, the spatial variance is significantly lower in magnitude than the other two cases especially at lower equivalence ratios. This shows that the coherent spatial structures are suppressed in the field of p ′q′ (x, y, t) for case III.
IV. Conclusion
In this experimental study, we investigate the effect of the distribution of the turbulence intensity on the transition from combustion noise to thermoacoustic instability in a swirl-stabilized combustor. Three different cases are studied. The first case, referred to as case I, exhibits the transition from combustion noise to thermoacoustic instability. A turbulence generator is used in the cases II and III to vary the flow dynamics in the combustor duct. We compare the results obtained for case I with cases II and III. Using the turbulence generator, we induce a blockage in the flow in the vertical and horizontal direction for case II while the same blockage is induced only in the vertical direction for case III. In this manner, for case II, the blockage is distributed, while for case III, there is a large blockage in one region of the inlet flow. We perform PIV experiments to characterize the turbulence levels for different configurations of the turbulence generator. We acquire unsteady pressure signals and highspeed CH * chemiluminescence images which are representative of the local heat release rate for the combustion experiments.
We observe that in case II, there is an advanced onset of large amplitude periodic oscillations. However, we observe that the amplitude of oscillations is lower when compared to the case without any blockage at lower equivalence ratios (case I). Further, we observe that the turbulence generator configuration for case III results in the suppression of thermoacoustic instability. Here, the acoustic pressure oscillations remain intermittent and the amplitude of these oscillations are significantly lower than the other two cases. The instantaneous plots of p ′ (t)q ′ (x, y, t) illustrate the formation of coherent regions near the dump plane for case I, while the coherence is dispersed for case II. Further, for case III the field of p ′ (t)q ′ (x, y, t) appears very grainy with only small regions of coherence throughout the duct. Additionally, using spatial variance of the field of p ′ (t)q ′ (x, y, t) which represents the local instantaneous acoustic power production, we find that coherent spatial structures form during the transition from combustion noise to thermoacoustic instability. We observe that the advanced onset of thermoacoustic instability for case II matches with the increase in the spatial variance. Additionally, when thermoacoustic instability is suppressed for case III, we observe that the spatial variance is low compared to the other two cases, depicting the suppression of coherent spatial structures.
